Gamma-ray beams with large angular momentum are a very valuable tool to study astrophysical phenomena in a laboratory. We investigate generation of well-collimated γ-ray beams with a very large orbital angular momentum using nonlinear Compton scattering of a strong laser pulse of twisted photons at ultra-relativistic electrons. Angular momentum conservation among absorbed laser photons, quantum radiation and electrons are numerically demonstrated in the quantum radiation dominated regime. We point out that the angular momentum of the absorbed laser photons is not solely transferred to the emitted γ-photons, but due to radiation reaction shared between the γ-photons and interacting electrons. The efficiency of the angular momentum transfer is optimized with respect to the laser and electron beam parameters. The accompanying process of electron-positron pair production is furthermore shown to enhance the orbital angular momentum gained by the γ-ray beam.
Gamma-ray beams with large angular momentum are a very valuable tool to study astrophysical phenomena in a laboratory. We investigate generation of well-collimated γ-ray beams with a very large orbital angular momentum using nonlinear Compton scattering of a strong laser pulse of twisted photons at ultra-relativistic electrons. Angular momentum conservation among absorbed laser photons, quantum radiation and electrons are numerically demonstrated in the quantum radiation dominated regime. We point out that the angular momentum of the absorbed laser photons is not solely transferred to the emitted γ-photons, but due to radiation reaction shared between the γ-photons and interacting electrons. The efficiency of the angular momentum transfer is optimized with respect to the laser and electron beam parameters. The accompanying process of electron-positron pair production is furthermore shown to enhance the orbital angular momentum gained by the γ-ray beam.
Vortex light is an electromagnetic field that carries orbital angular momentum (OAM). It has a spiral phase ramp around a singularity, and a Poynting vector resembling a corkscrew, rotating about the propagation axis [1] . The OAM of optical vortices can be transferred to atoms, molecules, and nanostructures [2] [3] [4] [5] [6] [7] [8] [9] [10] , which allows diverse applications in the visible and infrared regime, such as in quantum information [11] , microscopy [12] , micromanipulation [13] and in the detection of spinning objects [14] . To bring these applications down to the nanometer and atomic scale [15] , different methods are proposed to generate extreme-ultraviolet and x-ray vortex beams via high-order harmonic generation in a gas-phase atomic target [16] [17] [18] , plasma [19] [20] [21] , and helical undulator [22] [23] [24] . Recently, very promising concepts were developed to upgrade near-IR vortex beams to very high intensities [25] [26] [27] , which provides the possibility to generate γ-ray vortex beams using Compton/Thomoson scattering of twisted light off ultra-relativistic electrons [28] [29] [30] [31] [32] [33] .
Twisted γ-photons once realized could have straightforward applications to drive specific nuclear transitions [33] , and to control and manipulate the rotation of nuclear matter [29] . In another prospect, γ-ray beams with ultrahigh OAM could impact the dynamics of rotating astrophysical objects, such as rotating black holes and luminous pulsars. This kind of γ-ray beams can be generated in an astrophysical environment [34] [35] [36] [37] [38] . For example, the radiation from an accretion disk around a Kerr black hole experiences a well-defined phase variation and polarization rotation due to gravitational effects and therefore has both spin and orbital angular momentum [34] . When these twisted photons travel through the corona region, they may experience inverse Compton scattering with the fast-moving particles giving rise to gamma photons. Moreover, radiation emitted by luminous pulsars and quasars propagate through inhomogeneous surroundings, experiencing behavior analogous to light propagating through a spiral phase plate or a holographic phase plate [39] . The acquired OAM of radiation can be transfered to high-energy emission by nonlinear inverse Compton scattering [37] . For a simulation of this type of phenomena in laboratory astrophysics the first step is to produce γ-ray beams with a large OAM by Compton scattering off twisted light, which is the topic of our investigation.
The emitted photons due to Compton scattering of the vortex laser beam by an electron will be twisted, if during the photon formation the electron experiences the vortex structure of the laser field. This will be the case if the electron can be represented as a plane wave, or when the photon formation length is comparable with the laser wavelength. The latter takes place when the laser field parameter is not large, ξ ≡ eE 0 /(mcω 0 ) 1 [40] , where E 0 and ω 0 are the laser field amplitude and the frequency, respectively, −e and m are the electron charge and mass, respectively, and c is the speed of light. The perturbative regime of Compton scattering, ξ 1, when one laser twisted photon is scattered off an ultra-relativistic electron into a twisted γ-photon, with a topological charge similar to the incoming laser field is considered in [28] [29] [30] . The topological charge of the emitted twisted γ-photons can be increased using multiphoton phenomena in stronger laser fields. In the classical regime x-and γ-rays with OAM have been demonstrated by Thomoson scattering of laser pulses with either orbital or spin angular momentum (SAM) at a moderate nonlinearity with ξ ∼ 1 [32, 33] . In stronger laser fields with ξ 1 [27, 41] not only the number of scattered photons, but also the nonlinearity is dramatically increased, which may enhance significantly the OAM of the emitted photon beam. Using the interaction of intense twisted lasers with plasma, γ-rays with a large OAM are envisaged [42] [43] [44] . However, the twisted γ-photon emission is not highly energetic in [42, 43] , and not collimated in [44] .
In the ultraintense regime ξ 1, the coherence length of the photon emission in nonlinear Compton process is ξ time less than the laser period. As a consequence the electron during the emission of the γ-photon experiences the laser field as an almost constant field, rather than the structure of the laser field which carries the information on the OAM. Therefore, the emitted single γ-photon is not twisted, i.e., not in a certain angular momentum state. However, the beam of incoherent γ-photons produced via the laser scattering by a beam of electrons possess OAM with respect to the propagation axis.
In this letter, we investigate Compton scattering of an intense laser beam of twisted photons by ultra-relativistic electrons in the quantum radiation dominated regime (QRDR), see Fig. 1 , i.e., when the radiation energy during a laser period is comparable with the electron energy. For this purpose, the angular momentum evolution of the quantum radiation is calculated numerically with a semi-classical method, where the electron dynamics in the laser field is calculated classically, and the photon emission and possible further pair production via quantum electrodynamics with the Monte Carlo algorithm in [45] [46] [47] . As a key result, a high energy γ-photon beam with both very high OAM and collimation is generated. In contrast to previous works [28] [29] [30] [31] [32] [33] we further demonstrate that when radiation reaction is accounted for, part of the OAM and SAM of the absorbed laser photons is transferred to the electron beam. Moreover, the accompanying pair production process is shown to cause a counterintuitive increase of the OAM of the γ-beam due to extra absorption of twisted laser photons by secondary particles.
We consider interaction of an intense Laguerre-Gaussian (LG) laser pulse (circularly or linearly polarized) with a counterpropagating ultrarelativistic electron beam. The interaction is in the QRDR [40] , when αξχ 1 and the quantum nonlinearity parameter χ 1 [the emitted photon recoil and the further pair production are not negligible], with fine structure constant α, χ ≈ 2(ω 0 /m)ξγ, and the electron Lorentz factor γ. The generated γ-ray beam with OAM is well collimated in the regime γ ξ, with the emission angle θ ∼ ξ/γ [40] .
The field of LG mode in the paraxial approximation reads [1, 48] (see also [49] ): where k 0 = 2π/λ 0 = ω 0 /c is the wave-vector, τ p the pulse duration, σ z ≡ i(αβ * − α * β) [σ z = 0 for linear, and ∓1 for right/left-hand circular polarization], and
with w(z) = 1 + z 2 /z 2 R , the Rayleigh length z R = πw The total emission energy in the case of a linearly polarized LG mode is shown in Fig. 1 . The energy distribution of the γ-ray beam has a ring-shaped intensity profile, indicating that it carries OAM. The quantitative evaluation of OAM is presented in Fig. 2 for three cases: a LG laser pulse with linear and circular polarization, and a circularly polarized Gaussian laser field with σ z = 1. The OAM of γ-photons, electrons and positrons with respect to the z-axis are calculated with L z = xp y − yp x , where p x and p y are the components of the linear momenta, and x, y are the coordinates of the particles (for the γ-photon it is the emission coordinate, as the formation length of the photon is well localized in this ultrarelativistic regime). The total angular momentum absorbed from the laser is L n = ( + σ z )n , where n is the number of the absorbed laser photons. The latter is calculated from the energy-momentum conservation q + nk = q + k , where q, q , and k are the 4-quasi-momenta of incoming and outgoing electrons, and the emitted γ-photon, respectively. The electron's quasi-momenta are estimated via their relationship to the instantaneous electron momentum, see [50] .
We analyze the evolution of angular momentum described in Fig. 2 . In all cases the angular momentum conservation is fulfilled to good accuracy ( + σ z )n ≈ L e + L γ , with the total OAM of the final electrons L e , and that of the γ-photons L γ . Here, the initial OAM of the electron beam vanishes; in the case with the pair production L e includes also the OAM of the created electrons and positrons. The total number of absorbed laser photons due to the γ-photon emission is calculated via Eq. (7) of [50] , see the summary in Table I . In QRDR the absorbed OAM of the laser photons is not fully transferred to the emitted photon beam but shared between the electrons and the emitted photons due to radiation reaction. The OAM share of the γ-ray beam is L γ /(L e + L γ ) ∼ 70%. This is in contrast to the idealized case of the electron interacting with a moderately strong laser field [51] , when ( + σ z )n = L γ is Fig. 2 . Left and right subcollunms correspond to without and with pair production, respectively. Subscripts e and γ denote charged particles and emitted photons, respectively, n is the number of absorbed laser photons due to the γ-photon emission,ñ ≡ ∆E e / ω 0 is the energy change described by a photon number, N γ is the γ-photon number, is the average topological number. fulfilled. The sign of radiation OAM is determined by both the laser and electrons' angular momenta, contrary to the case of linearly polarized LG at ξ ∼ 1, where it is opposite to the OAM absorbed laser photons [32] . One should underline that the transfer of OAM is determined by the total number of absorbed laser photons during γ-photon emission, but not with the total energy absorbed from the laser field during the interaction. In fact, a part of the energy absorbed from the laser during photon emission is returned to the laser pulse after the turn off the laser field [52] . This ponderomotive energy transfer is not accompanied with an angular momentum transfer. The total energy absorbed from the laser field during the interaction in terms of the photon numberñ can be evaluated from the energy-momentum conservation involving the electron 4-momenta before and after the interaction p and p , respectively: p+ñk = p +k . The energy difference corresponding to turn-on and turn-off is ∆n = n −ñ = pk ), which is responsible for upshifting of laser frequency [52] . As confirmed by Table I, the energy conservation is fulfilled by the total number of absorbed laser photons during the interactioñ n. Here the OAM transfer is determined by the number of the absorbed laser photons n due to γ-photon emission.
A comparison of the cases of different laser fields in Fig. 2 shows that a circular LG 01 mode is more favorable for generation of a γ-ray beam with a large OAM. For a linear polarized LG 01 beam, the transverse electric field oscillates along xdirection, resulting in an oscillating OAM L z ≈ − i y i p xi , as shown in Fig. 2 (a) . However, the final OAM for linear LG 01 mode is much less than that for circular polarization. This is because the absorbed photon number n(t) ∝ a(t)
2 [50] , and circular polarization provides a more steady and larger absorption of twisted photons. Further, due to the spatial structure the LG 01 mode has three times larger energy than the Gaussian mode for same ξ, and more OAM per photon, which results in larger OAM transfer, see Table I .
For the chosen parameters ξ = 120, γ = 10 4 , the quantum parameter is rather large, χ ≈ 4, and the pair production effect is not negligible. Our results in Fig. 2 demonstrate the counterintuitive role of pair production. Even though the energy of the γ-beam decreases due to pair production, the OAM of radiation shows an unexpected growth. For example, in the case of circular LG 01 the toal OAM of the γ-beam grows up from 9.46 × 10 11 to 2.02 × 10 12 , see Table I . To explain the changes of the OAM induced by pair production, energy and OAM spectra of circular LG 01 are shown in Figs. 3 and 4 , respectively. Since high energy photons are depleted due to pair production, the total energy of photons with ω > 868 MeV decreases, as shown in Figs. 3 (c) . Meanwhile, more low energy photons are generated due to secondary emission of pairs, leading to an increase of energy at ω < 868 MeV. Since the energy of pairs is smaller than that of the initial electrons, they oscillate with a larger amplitude and radiate photons in a larger angle θ, as shown in Fig. 5 . As the OAM per unit power is inversely proportional to θ, as shown in Fig. 4  (d) , the angular redistribution caused by pair production results in the increase of OAM for the total γ-beam. For photons with ω < 868 MeV, the increase of OAM can be seen clearly in Fig.  4 (c) . However the increase of OAM is roughly counteracted by photon number depletion in ω > 868 MeV.
Intense femtosecond vortex light with a few to hundred mJ has been experimentally generated at infrared wavelength [25, 26] . Meanwhile, amplification of twisted laser intensities by 2-orders of magnitude is shown in plasma with stimulated Raman backscattering [27] . With these advanced techniques and posible further improvement such as multistaging, PW class twisted lasers used in our scheme can be realized in near future. A well-collimated γ-photon beam can then be generated with a brightness of about 6.4 × 10 22 photons/s/mm 2 /mrad 2 , an average OAM per photon of 2.7 × 10 4 and with an angular spread of ∆θ ≈ 0.05 rad. Our scheme can produce gamma-ray beams with GeV photons, i.e. with photon energy ∼ 10 times higher than the copropagating scheme [42] in a much smaller angular spread (∼ 10 times smaller than the all-optical scheme [44] ).
We point out that the OAM of incoherent radiation in the ultrarelativistic QRDR is the property of the whole beam, rather than the property of single photons. If the initial beam contains N e = 2 × 10 10 electrons, the total OAM of a γ-ray beam within θ > π − 0.05 rad is L γ ≈ 1.9 × 10 16 . The OAM of radiation can be largely increased by using a more intense laser field, see Fig. 5(d) , however, at the expense of its collimation [50] . The collective OAM of a γ-beam can have a significant mechanical impact. For instance, when this γ-rays are absorbed by a disk of nuclear matter with radius of 2λ 0 , it would induce a rotation of the disk with a frequency of ∼ 100 Hz [50] , similar to the frequency of a wave in the wave zone of the Crab pulsar.
Concluding, we showed a possibility for generation of wellcollimated γ-ray beams with a large OAM in the ultrarelativistic quantum radiation-dominated regime, employing incoherent Compton scattering of twisted light by an electron beam. In contrast to the low intensity regime, each γ-photon is not in a certain OAM state, but, the total γ-ray beam carries a large angular momentum with respect to the beam axis. The OAM of the laser photons is transferred not only to γ-ray beam but also to electrons. Our results may have applications in simulating astronomical phenomena, and for interpretation of incoherent γ-ray generation around pulsars.
